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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
TECHNICAL MEMORANDUM X-332 

AERODYNAMIC CHARACTERISTICS AT MACH NUMBER 2.05 OF A 

SERIES OF HIGHLY SWEPT ARROW WINGS EMPLOYING 

VARIOUS DEGREES OF TWIST AND CAMBER 
L 

3 By Harry W. Carlson 

SUMMARY 


A series of arrow wings employing various degrees of twist and 
camber were tested in the Langley L- by L-foot supersonic pressure 
tunnel . Aerodynamic forces and moments in pitch were measured at a 
Mach number of 2 .O 5 and at a Reynolds number of 4.L x 10^ based on the 
mean aerodynamic chord. Three of the wings , having a leading-edge 
sweep angle of 7 O 0 and an aspect ratio of 2.2k, were designed to produce 
a minimum drag (in comparison with that produced for other wings in the 
family) at lift coefficients of 0, 0.08, and 0.l6. A fourth and a fifth 
wing, having a 75 0 swept leading edge and an aspect ratio of 1 . 65 , were 
designed for lift coefficients of 0 and 0 .l 6 , respectively. 

A 7 O 0 swept arrow wing with twist end camber designed for an optimum 
loading at a lift coefficient considerably less than that for maxim um 
lift-drag ratio gave the highest lift-drag ratio of all the wings tested - 
a value of 8.8 compared with a value of 8.1 for the corresponding wing 
without twist and camber. Two twisted and cambered wings designed for 
optimum loading at the lift coefficient for maximum lift-drag ratio gave 
only small increases in maximum lift-drag ratios over that obtained for 
the corresponding flat wings. However, in all cases, the lift-drag ratios 
obtained were far below the theoretical estimates. 


INTRODUCTION 


It has long been recognized that because of their low zero-lift wave 
drag and low drag due to lift, highly swept arrow wings have the potential 
of allowing supersonic airplanes to compete successfully with the best 
subsonic airplanes in the critical matter of range (refs. 1 and 2 ). 
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However, if the maximum theoretical benefits are to be approached, it is 
necessary that a flat wing realize a high degree of the theoretically 
predicted leading-edge suction or that the wing be twisted and cambered 
to produce a theoretically optimum loading distribution. 

The prediction of the leading-edge suction stems from the singu- 
larities in local velocities at the wing leading edge given by linearized 
theory. The existence of any large portion of the theoretical leading- 
edge suction has not been found in experiments. 

It has been shown theoretically (refs. 3 and 4 ) that drag-due-to- 
lift factors slightly below those of the flat wing with full leading-edge 
suction can be achieved by producing an optimum loading distribution 
through the warping of the wing surface. It is significant that in this 
case, no leading-edge suction is demanded. The present paper will be 
concerned with the attainment of high lift-drag ratios through this latter 
approach . 

For this optimum-loading-distribution method to succeed, it is 
imperative to avoid shocks and separated flow regions which would upset 
the balance between the local pressures and the slope of the surfaces on 
which they act. It is believed that In all the experimental work to date, 
these effects have been present to some degree at the lift coefficient 
required for the maximum lift-drag ratios. Experimental results for 
twisted and cambered wings have shown improvements over the corresponding 
flat wing, but have failed to reach the full theoretical benefits. (See 
refs . 5, 6, and 7 • ) 

As noted in reference 1, the transonic flow phenomena (local shocks 
and regions of separated flow) may occur on the wing upper surface when 
the component of flow perpendicular to the wing leading edge reaches the 
speed of sound, even though the total velocity is greater than the speed 
of sound. In order to keep the perpendicular component of flow below 
sonic speed for the design lift condition, the leading-edge sweep angle 
must increase rapidly with Mach number. At speeds approaching the 
hypersonic range, the required sweeps would result in impracticably 
slender wings resembling bodies more than conventional wings . 

Since at a Mach number of 2 the theoretical advantages of twist and 
camber are substantial and, at the same time, the planform restrictions 
are not unreasonable, several wings were designed for this Mach number 
to investigate the possibility of attaining the theoretical benefits . 

The design procedure used was adapted to these purposes by using computa- 
tion techniques developed by Clinton E. Brown and Francis E. McLean of 
the Langley Research Center from the methods presented in references 8 
and 9. 
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Three of the five half -span wings tested in the Langley 4 - by 4 -foot 
supersonic pressure tunnel at a Mach number of 2.O5 had a leading-edge 
sweep of 7O 0 and an aspect ratio of 2 . 24 . One of these wings was twisted 
and cambered for a design lift coefficient of 0.l6, a second wing employed 
only half that amount of twist and camber, and a third wing had no twist 
and camber. The remaining two wings had a 75 ° leading-edge sweep and an 
aspect ratio of I.65. One of these wings had twist and camber corre- 
sponding to a design lift coefficient of 0.l6 whereas the other wing had 
no twist and camber. 


SYMBOLS 


b/2 wing semi span 

c wing mean aerodynamic chord 

axial-force coefficient, ft- x l a -4 force 

qS 

Cp drag coefficient, Dra ^ 

qS 

C-p drag coefficient at zero lift for uncambered and untwisted 

’ wings 

0 ^ lift coefficient, 

qS 

C* moment coefficient about £, Pitching ^moment 

4 qSc 

Cp pressure coefficient 

Z overall length of wing measured in streamwise direction 

L/D lift-drag ratio > 

M free-stream Mach number 

q free-stream dynamic pressure 

R free-stream Reynolds number based on mean aerodynamic chord 

S wing area, half-span model 

U free-stream velocity 
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u,v perturbation velocities in x- and y-directions 

x,y,z Cartesian coordinate system with origin at wing apex, X-axis 
streamwise 


c 


i 


x ’> 


coordinates used in defining mean camber surfaces (fig. 3) 


y' 
e ' 

4 

a angle of attack, deg 

A leading-edge sweepback angle, deg 

Subscripts : 

max maximum 

min minimum 


MODELS AND INSTRUMENTATION 


Photographs of the five half -span models (designated wings 1 to 5) 
mounted on the boundary-layer bypass plate are shown in figure 1. The 
first three wings had a 7O 0 swept leading edge and an aspect ratio of 
2.24. Each of the wings in this first series was designed to produce a 
minimum drag (in comparison with that produced for other wings in the 
family) at a certain lift coefficient. These design lift coefficients 
are 0, 0.08, and 0.l6 for wings 1, 2, and 3, respectively. (A design 
lift coefficient of 0 corresponds to a flat wing.) The remaining two 
wings had a 75 0 swept leading edge and an aspect ratio of I.65. The 
design lift coefficients in this case are 0 and 0.l6 for wings 4 and 5, 
respectively. 

The all-steel wings were attached to a four-component strain-gage 
balance housed within the plate. The plate was supported in a hori- 
zontal position by the permanent sting mounting system of the Langley 
4- by 4 -foot supersonic pressure tunnel. During the tests, the wing and 
plate moved through an angle-of-attack range as a single unit. A clear- 
ance of 0.010 to 0.020 inch was provided between the wing root and the 
surface of the plate, except where the wing attaches to the balance. 
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The layout of the win g planforms and typical wing sections are 
shown in figure 2. Thickness distribution for all the wings was deter- 
mined by a 3-percent-thick circular -arc airfoil section in the streamwise 
direction. This thickness was added symmetrically to the mean camber 
surface of the twisted and cambered wings. Ordinates of the mean camber 
surface based on the coordinate system shown in figure 3 are given in 
table I . 


TESTS 


The tests were conducted in the Langley 4- by 4-foot supersonic pres- 
sure tunnel with a free- stream Mach number of 2.05 and a Reynolds number of 

4.4 X 10^ based on the mean aerodynamic chord. In an effort to insure a 
turbulent boundary layer, transition strips were used on all wings. The 
strips, composed of a sparse distribution of No. 80 carborundum grains 
in a lacquer binder, were l/8 of an inch wide and were located 1/4 inch 
behind the wing leading edges. Wings 1 and 5 were tested over a Reynolds 

number range of 1 x 10^ to 4 x 10^ to insure that the chosen test 
Reynolds number would be well above the transition regions. 

The measurements of aerodynamic forces and moments were supplemented 
by a flow-visualization technique (ref. 10) which utilizes a fluorescent- 
oil film painted on the wing surface. The oil-flow pattern during tests 
can be used to indicate the direction of airflow at the wing surface and 
to indicate regions of detached flow. 

Angle of attack was measured optically using prisms recessed in the 
wing surface. 

From pretest calibrations and repeatability of the data, the Mach 
number and aerodynamic coefficients are estimated to be accurate within 
the following limits : 


± 0.01 

Cd’ : ■ ■ . . ±0.0003 

c L ±0.0030 

c m +0.0010 


DESIGN CONSIDERATIONS 


In order to minimize transonic flow phenomena at the design condi- 
tions, wing-leading-edge sweep angles were chosen with consideration 
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given to the prevention of a sonic component of local flow perpendicular 
to the wing leading edge. The severe restriction this imposes can be 
seen in figure 4. Here the critical pressure coefficient corresponding 
to a sonic component of flow perpendicular to the leading edge of a swept 
wing has been plotted as a function of leading-edge sweep angle . The 
upper curve does not take into account the sidewash on the wing upper 
surface whereas the lower one does . The existence of this lower bound 
was not realized until after the wings were tested. Since these curves 
serve only as a guide and do not represent rigid requirements, it was 
felt that the chosen sweep angles of 70° and 75° would sufficiently 
minimize the possibility of transonic flow phenomena. 

For a uniformly loaded wing it should be possible to reach lift 
coefficients equal to twice the critical pressure coefficient before 
encountering a transonic type of cross flow. In this case, a uniform 
load was not imposed on these wings so that the optimum loading might 
be more nearly approached. However, pressure coefficients in the vicinity 
of the . leading edge were restricted to a value 1.4 times the average (or 
-O.7 times the design lift coefficient) . The pressure coefficient of 
: 0 ;^ 12 that mi 6 ht be expected near the leading edge of wings designed for 
lift coefficient of 0.16 is shown in figure 4 for wings 3 and 5. Wing 2 
was designed to produce a minimum drag at a lift coefficient of 0.08 and 
thus had only one-half the amount of camber as wing 3. At that lift^coef- 
the leadin 6“ ed € e pressure coefficient could be expected to be 
»05 y which is below the critical^ but additional lift must be generated 
by increased angle of attack before the maximum lift-drag ratio is reached. 
Thus each of the twisted and cambered wings would develop pressure coeffi- 
cients near the critical value, but contrary to original expectations (as 
represented by the upper curve of fig. 4) none would be below. The addi- 
tion of thickness to the mean camber surface produces an additional camber 
in the upper surface which has somewhat of a relieving effect on the pres- 
sures over the forward part of the wing. 

The choice of the trailing -edge line was the result of a compromise 
between the desire for high aspect ratio and the need for structural 
rigidity. Similarly, the 3-percent-chord thickness of the circular-arc 
airfoil sections is believed to represent a reasonable compromise between 
low wave drag and structural considerations . 

The camber surface was designed according to the methods of refer- 
ences 8 and 9. The loading distribution was obtained by a superposition 
of three types of loading combined in such a manner as to produce a mini- 
mum drag at a given design lift coefficient. The fundamental loadings 
considered were a uniform load, a linearly varying span load, and a 
linearly varying chord load. The resultant loading was subjected to the 
previously mentioned restriction that the leading— edge pressure coeffi- 
cient not be greater than 1.4 times the average. The theoretical pressure 
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distribution at design condition may be expressed in the following 
manner : 

For the upper surface 

r. _ -C L, design 

°P 2 

and for the lower surface 

n 

n _ L. design 

c p a 

The resultant theoretical lift-drag polars are as follows: 

For the 7O 0 swept wings 

°D * C D;0 + 0.2J0(c 1)deslgn )2 - 0.1t25(0 L;deslgn )0 L + 0.500C L 2 
and for the 75° swept wings 

C D = C Dj0 + 0.338(c Ljdeslgn ) 2 - 0.635(c Ljdfislgn )c L ♦ 0.622C L 2 

RESULTS AND DISCUSSION 


1.4 + 1 .846^-^- - —j 


1.4 + 1.8461 


In order to evaluate the effectiveness of the transition strips in 
providing a fully turbulent boundary layer, two of the wings were tested 
over a Reynolds number range. Wings 1 and 5 were chosen for this purpose 
as being representative of a flat wing and a highly cambered one, 
respectively. In figure 5, the minimum drag coefficients are plotted 
against Reynolds number up to the test Reynolds number of 4.4 x 10^. 

The variation of turbulent skin friction with Reynolds number according 
to Van Driest (ref. 11) has been computed. The estimated minimum drag 
coefficients shown in the figure were obtained by adding estimated wave 
drag and drag due to lift to the skin-friction values. For the flat wing, 
transition from laminar to turbulent flow appears to take place at a 

Reynolds number of about 2 x 10^. The data for the twisted and cambered 
wing follow the turbulent line over the Reynolds number range. Thus, it 
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could be expected that turbulent flow would exist over all the wings at 
the test Reynolds number. 

The aerodynamic characteristics in pitch of the five wings are 
given as a function of lift coefficient in figure 6. Data for wings of 
the same planform are plotted on a single set of axes for ease in making 
comparisons. In figure 6(a), note that the presence of twist and camber 
does not appreciably change the lift-curve slope. 

As shown in figure 6(c), for the 7O 0 swept wings, the wing designed 
for a lift coefficient of 0.l6 produced a maximum lift-drag ratio of 8.5 
whereas the wing designed for a lift coefficient of 0 produced a ma ximum 
lift-drag ratio of 8.1. This rather modest gain is overshadowed by the 
value for (L/D) mRy of 8.8 attained by the 7O 0 swept wing employing the 

smaller amount of twist and camber corresponding to a design lift coef- 
ficient of 0.08. These data indicate that although there are sizable 
benefits to be derived from the use of wing warping, present design 
methods are not adequate to exploit this approach to the fullest possible 
extent. There is no reason to believe that the rather arbitrary choice of 
design lift coefficient for wing 2 has achieved the optimum loading. 
Similarly, for the 75° swept wings, the wing designed for a lift coeffi- 
cient of 0.16 showed only a slightly higher maximum lift-drag ratio than 
did the flat wing - a value of 7*6 compared with 7.4. 

A comparison of theoretical estimates with the measured data is pre- 
sented in figure 7 • The failure of all the wings to match the theoretical 
lift-curve slope may, in part, be due to the flow separation present in 
each case . Another factor is the aeroelastic deformation under load which 
tends to produce a loss of lift in the tip region. The sketches in fig- 
ure 7 give an indication of the extent of separated flow on the wing sur- 
face. Observations and photographs of the fluorescent-oil film made 
during the tests were used in preparing the sketches. The photographs are 
not presented in this paper because they were of poor quality and would 
therefore not reproduce satisfactorily. 

Note that for both flat wings (figs. 7(a) and 7(d)), separation 
occurred at the leading edge and, from its inception, occupied a large 
portion of the wing. On the other hand, for the twisted and cambered 
wings (figs. 7(b), 7(c), and 7(e)), separation appeared first at the 
inboard region along the trailing edge, and the area affected grew more 
steadily than that for the flat wings. 

Linearized theory indicates a singularity at the leading edge of 
lifting flat-plate wings swept behind the Mach line. Actual upwash angu- 
larities just ahead of the leading edge are in all probability very high. 
The region of separated flow immediately behind the wing leading edge 
would appear to be caused by the inability of the real flow to negotiate 
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the sharp turns necessary for attachment. When the flow above the sepa- 
rated region does return to the wing surface, it is redirected along the 
wing surface and results in a recompression and a shock. This is the 
type of separation experienced by the flat wings. The twisted and 
cambered wings were designed to eliminate the singularity at design lift 
coefficient and thus might be expected to avoid leading-edge separation, 
at least near design conditions . The test data indicate that leading-edge 
separation of the turbulent boundary layer did not occur on the twisted 
and cambered wing within the angle-of -attack range used here. 

At the trailing edge of a wing at an angle of attack, the flow along 
the wing surface is redirected in a nearly streamwise direction causing a 
recompression and a trailing -edge shock. If the pressure rise across the 
shock is too strong, a turbulent boundary layer cannot pass through the 
shock without separating. In that case the flow would leave the surface 
just enough to reduce the flow angle and shock strength to the critical 
value. From considerations of two-dimensional boundary layers, it would 
appear that the pressure rise at the trailing edge predicted for these 
wings would not cause separation. Nevertheless, flow separation in the 
vicinity of the trailing edge of each of the twisted and cambered wings 
is evident from oil-flow observations. Of course, there is quite a 
departure from two-dimensional flow in this case. In addition, although 
local flow in the free-stream direction is assumed In making the calcu- 
lations, there actually is a considerable sidewash which in the case of 
the twisted and cambered wings results in greater surface slopes and 
higher negative pressures at the trailing edge than those given by the 
theory . w 

From the oil-flow observations there was no evidence of local shocks 
tor transonic flow phenomena near the leading edge of any of the twisted 
and cambered wings. Thus it appears that the restrictions on leading- 
edge sweep angle and loading at the leading edge produced the desired 
result of avoiding these effects. 

In spite of the loss in lift, both flat wings (figs. 7(a) and 7(d)) 
showed a lift-drag polar in close agreement with the theory. This agree- 
ment may result from the presence of some degree of leading-edge suction 
or, perhaps, may result from an improved loading distribution brought 
about by aeroelastic twist. Although each of the twisted and cambered 
wings (figs. 7(b), 7(c), and 7(e)) showed some improvement in maximum 
lift-drag ratio over that obtained for the flat wings as previously noted, 
they fail by a considerable margin to match the theory. A part of this 
failure may be due to the separated flow. However, it may also be due to 
the inability of linearized theory to provide a camber surface with the 
proper matching of pressures and surface slopes. 

It is possible that wings designed for optimum loadings at lift coef- 
ficients somewhat below optimum may achieve a substantial amount of the 
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theoretical leading-edge suction at optimum lift coefficient. It may, 
in part, be this factor which allows the wing designed for a lift coef- 
ficient of 0.08 to have a higher value of (lAQ ^-v than that for the 

wing designed for a lift coefficient of 0.l6. 

An interesting analysis can be made by comparing experimental axial 
force with the theoretical value for the cases of no leading-edge suction 
and full leading-edge suction. In figure 8, axial -force coefficient has 
been plotted as a function of lift coefficient for all the wings. Note 
that for regions on each side of the design lift coefficient, the experi- 
mental data generally follow the trend of the theoretical curve for the 
case of full leading -edge suction. At high lift coefficients, only a 
small portion of the predicted thrust force or leading-edge suction is 
realized. The increase in the axial-force level for the severely twisted 
and cambered wings may be the result of the failure of linearized theory 
to match properly pressures and surface slopes under these conditions . 

The variation with design lift coefficient (degree of twisted camber) 
of the maximum lift-drag ratio and the corresponding lift coefficient is 
shown in figure 9. The optimum lift coefficients agree well with the 
theoretical curve for the case of no leading -edge suction. For this 
series of wings, the amount of twist and camber that can profitably be 
used in developing high lift-drag ratios corresponds to a design lift 
coefficient well below the lift coefficient for (L/D) niax . The design 

lift coefficient of 0.08 may well be near the optimum for this family. 

Note that the value for (l/D)^ of 8.8 found for that wing, although 

considerably above the value of 8.1 for the flat 70 ° swept wing, is still 
far below the theoretical maximum value of 10.2. (See fig. 9( a )») 

As the design lift coefficient is increased, the amount of leading- 
edge suction theoretically available is reduced, but the possibility of 
achieving any large percentage of that available may be increased. 

Another consequence of high design lift coefficients is the increase in 
drag which ma y result from the inability of linearized theory to match 
properly local pressures and surface slopes when extreme camber and strong 
disturbances are present. Camber also influences the type and degree of 
flow separation. All these factors, and perhaps more, make the task of 
finding an optimum twist and camber distribution very difficult. 


CONCLUSIONS 


An experimental investigation at a Mach number of 2.05 of several 
twisted and cambered arrow wings and the corresponding flat wings provides 
the following conclusions : 
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1 . A 7O swept arrow wing with twist and camber designed for an 
optimum loading at a lift coefficient considerably less than that for 
maximum lift-drag ratio gave the highest lift-drag ratio of all the wings 
tested - a value of 8.8 compared with a value of 8.1 for the corresponding 
wing without twist and camber. 

2 . Two twisted and cambered wings designed for optimum loading at the 
lift coefficient for maximum lift-drag ratio gave only small increases in 
maximum lift-drag ratio over that obtained for tbe corresponding flat 
wings . 


5 . In all cases, the lift-drag ratios obtained were far below the 
theoretical estimates . 

4 . Proper selection of loading at the leading edge and of leading- 
edge sweep angles for the twisted and cambered wings produced the desired 
result of avoiding leading-edge separation and transonic flow phenomena 
near the leading edge. However, regions of separated flow in the vicinity 
of the trailing edge were present on each of the twisted and cambered 
wings . 


Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Field, Va., June 22 , i960. 
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TABLE I 


CAMBER -SURFACE ORDINATES 


(a) Wing 2. A = 70°* design a ^-08 



Camber- surface ordinate z/l at - 



y 

V 

0 

11 

xh* 

— = 0.O5 

c 

= 0.10 
c 

= 0.15 

c 

- 0.20 
c* 

fr = °- 2 5 

= 0.30 

c 1 

v 1 

- r = 0.35 
c ' 

= 0.40 
c* 

* 0.45 

c 

|i = 0.50 


0.0520 











0 











.05 

.0209 




0 0°31 




0 . 0?4Q 






m «i 7 


0 170 


.0182 


0.0194 

.10 
• 15 

.0125 

.0077 

O.OO87 

.0094 

0.0100 

.0106 

0.0111 

.0117 

0.0125 

.0130 

0.0134 

.0140 

.20 

.0045 

.0055 

.0061 

.0067 

.0074 

.0078 

.0082 

.0085 

.0089 

.0094 

.0097 

• 25 

.0025 

.0054 

.0040 

.0044 

.0049 

.0053 

.0055 

.0058 

.0060 

.0062 

.0062 

• 50 

.0015 

.0025 

.0028 

.0050 

.0051 

.0032 

.0055 

.0054 

.0034 

.0033 

.0033 

.55 

.0016 

.0025 

.0024 

.0025 

.0022 

.0021 

.0019 

.0016 

.0013 

.0011 

.0010 

.4o 

.0018 

.0026 

.0028 

.0026 

.0020 

.0014 

.0008 

.0003 

-.0003 

-.0007 

-.0012 

.45 

.0020 

.0050 

.0055 

.0028 

.0022 

.0015 

.0006 

-.0005 

-.0013 

-.0022 

-.0031 

.50 

.0025 

.0054 

.0054 

.0050 

.0024 

.0016 

.0005 

-.0008 

- .0023 

-.0055 : 

-.0047 

•55 

.0025 

.0056 

.0057 

.0034 

.0028 

.0018 

.0007 

-.0006 

-.0022 

-.0039 

-0055 

.60 

.0027 

.0057 

.0059 

.0057 

.0054 

.0029 

.0021 

.0011 

-.0000 

-.0013 

-.0027 

.65 

.0029 

.0058 

.0042 

.0042 

.0040 

.0036 

.0051 

.0024 

.0017 

.0008 

-.0002 

.70 

.0051 

.0040 

.0044 

.0045 

.0044 

.0041 

.0039 

.0034 

.0030 

.0025 

.0018 

• 75 

.0055 

.0042 

.0046 

.0048 

,0048 

.0047 

.0045 

.0043 

.0040 

.0036 

.0032 

.80 

.0055 

.0042 

.0047 

.0050 

.0051 

.0051 

.0051 

.0050 

.0049 

.0047 

.0044 

.85 

.0057 

.0045 

.0047 

.0051 

.0053 

.0054 

.0054 

.0054 

.0054 

.0053 

.0053 

.90 

.0059 




nnsp 


.0054 


.OO56 


.0057 




,0048 



.0054 


.95 

.0041 





__ 




1.00 

.0045 





1 1 






■ 



Camber -surface ordinate z/l 

at - 




zi 

b 1 

^ = 0.55 

c 

*1 = 0.60 
c 

= 0.65 

c 

= 0.70 
c' 

K = 0-75 

c 

= 0.80 
c * 

= 0.85 
c’ 

= 0.90 
c 

= 0 - 9 5 

Ijjggl 

0,05 







0.0269 
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TABLE I.- Concluded 
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Figure 4.- Pressure coefficient corresponding to a sonic speed component of flow perpendicular 
to the wing leading edge as a function of sweep angle. M = 2. Symbols give the theoretical 
pressure at the leading edge of the twisted and cambered wings for the design lift coefficient. 
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Figure 5.- Variation of minimum drag coefficient with Reynolds number 






















design 







Experiment 

Theory , without leading-edge suction 
Theory , with leading - edge suction 



Figure 7.- Continued. 
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Figure 7-- Continued. 
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Figure 7-- Continued. 
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Figure 7*- Concluded. 
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Figure 8.- Concluded. 
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Figure 9.- Optimum lift coefficient and maximum lift-drag ratio as a function of design 

lift coefficient (degree of twist and camber) . 
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